Abstract -The corbiculate bees comprise four tribes, the advanced eusocial Apini and Meliponini, the primitively eusocial Bombini, and the solitary or communal Euglossini. Recovering a robust phylogeny for the four tribes is of considerable importance for understanding the evolution of eusociality, yet previous morphological and molecular studies reached strikingly different conclusions. We study an expanded data set consisting of 12 nuclear genes to explore lines of support for the molecular hypothesis. Results corroborate previous molecular studies; support increases as more genes are added. Across genes, support for the molecular hypothesis is positively correlated with the number of informative sites and the relative substitution rate. Phylogenetic signals supporting the molecular tree rest almost entirely upon synonymous changes at the first and third codon positions. We discuss possible future approaches for resolving the frustratingly persistent corbiculate bee controversy. advanced eusociality / bumble bee / corbiculate bee / honey bee / nuclear genes / orchid bee / phylogeny / stingless bee
INTRODUCTION
The advanced eusocial colonies of the honey bees and stingless bees are among the most elaborate of the insect societies (Wilson, 1971; Michener, 1974; Winston, 1987) . In these colonies, the morphologically differentiated queens are devoted to producing offspring, and the non-reproductive workers gather and process food, feed larvae, and build and defend nests. Workers specialize through division of labor by age, size, and genetics, and maximize their foraging efficiency by using sophisticated communication and rapid recruitment of nestmates to food sources. A myriad of fascinating biological features of the bees and their economic importance as pollinators and honey producers have sparked numerous ecological, behavioral, neural, genetic, and genomic studies, and led the western honey bee, Apis mellifera L., to become one of the first insect species to have its genome sequenced (The Honeybee Genome Sequencing Consortium, 2006) . Despite the widely accepted paradigms of social evolution represented by such bees (e.g., division of labor, sterile workers, overlap of generations), and several recent phylogenetic studies of tribal relationships, the origin of their advanced societies remain unexplained (Schultz et al., 1999 (Schultz et al., , 2001 Ascher et al., 2001; Cameron and Mardulyn, 2001; Engel, 2001a; Lockhart and Cameron, 2001 ).
The first study that rigorously explored the phylogenetic relationships among the corbiculate tribes was by Michener (1944) , who used adult external morphology to investigate the overall phylogeny of bees. He concluded that Euglossini were the first lineage to diverge, followed by Bombini, and then the advanced eusocial Meliponini and Apini (Fig. 1a) , a view consistent with that of earlier authors such as Darwin (1859) . Under this hypothesis, general eusociality arose once among corbiculate bees in the common ancestor of Bombini, Meliponini, and Apini. Advanced eusociality also arose only once among bees, in the common ancestor of Meliponini and Apini. Later studies explored a broad array of adult and larval morphological characters (Maa, 1953; Michener, 1974 Michener, , 1990 Winston and Michener, 1977; Kimsey, 1984; Prentice, 1991; Roig-Alsina and Michener, 1993; Chavarría and Carpenter, 1994) , and some of them reached more or less different conclusions (e.g., Fig. 1b, Michener, 1974; Fig. 1c, Winston and Michener, 1977) . However, all recent analyses of extant corbiculate morphology (Michener, 1990; Prentice, 1991; Roig-Alsina and Michener, 1993; Chavarría and Carpenter, 1994; Schultz et al., 1999; Ascher et al., 2001) are consistent with the hypothesis proposed by Michener (1944) . More recently, Engel (2001a, b) significantly expanded the morphological data set by including fossil corbiculate tribes; the combined data set lent further support to the Michener (1944) phylogeny. Cardinal and Packer (2007) studied a new set of morphological characters derived from the sting apparatus. Their results were perfectly congruent with the previous morphological studies. Noll (2002) analyzed a large series of behavioral characters and arrived at the same phylogenetic interpretation.
Despite the near unanimity of morphological, palaeontological, and behavioral data, phylogenetic analyses using DNA sequences suggest strikingly different relationships among the four tribes (Sheppard and McPheron, 1991; Cameron, 1991 Cameron, , 1993 Koulianos et al., 1999; Mardulyn and Cameron, 1999; Cameron and Mardulyn, 2001) . Most notably, Bombini and Meliponini are nearly always recovered as sisters, a clade not supported by known morphological data (Figs. 1d-f ). Sheppard and McPheron (1991) and Cameron (1991 Cameron ( , 1993 were the first to propose this alternative phylogeny, in which sequences of nuclear and mitochondrial ribosomal RNA were used to reconstruct the corbiculate bee tribal relationships. Under this hypothesis, advanced eusociality arose twice, independently, in Meliponini and Apini; reversals from advanced eusociality to other stages, while equally parsimonious, were considered very unlikely to occur because the queens of advanced eusocial colonies have lost the ability to survive on their own without workers. Later studies utilized several other genes, from both mitochondrial and nuclear genomes (Koulianos et al., 1999; Mardulyn and Cameron, 1999; Cameron and Mardulyn, 2001; Cameron, 2003) . These studies consistently recovered Bombini and Meliponini as a monophyletic group excluding Apini. The most comprehensive study was that of Cameron and Mardulyn (2001) , who analyzed a data matrix of four genes (cytochrome b, 16S rRNA, opsin, and 28S rRNA). Their results gave Bombini and Meliponini strong support as sister groups, although the relationship of this clade to the remaining two tribes remained unresolved. Cha et al. (2007) recently analyzed the complete mitochondrial genome of Bombini, Meliponini, and Apini, also finding that the first two tribes are unambiguously recovered as sisters (the mitochondrial genome of Euglossini is still unavailable).
Resolving the controversy over tribal relationships in corbiculate bees has proven to be remarkably difficult (Schultz et al., 1999 (Schultz et al., , 2001 Ascher et al., 2001; Lockhart and Cameron, 2001) , and additional data from new sources are needed to broaden our perspective on the issue and to allow for more sophisticated analyses of molecular evolution. Recent publication of the honey bee genome had facilitated assembly of orthologous sequences of previously unexplored nuclear genes in many bees (Danforth et al., 2004) . Because Phylogeny favored by the majority of morphological data sets (Michener, 1944 (Michener, , 1990 Maa, 1953; Prentice, 1991; Roig-Alsina and Michener, 1993; Chavarría and Carpenter, 1994; Schultz et al., 1999; Ascher et al., 2001; Engel, 2001a, b) . b. Phylogenetic hypothesis of Michener (1974) . c. Hypothesis proposed by Winston and Michener (1977) and Kimsey (1984) . d-f. Phylogenetic hypotheses proposed by molecular data (Cameron, 1991 (Cameron, , 1993 Sheppard and McPheron, 1991; Koulianos et al., 1999; Mardulyn and Cameron, 1999; Cameron and Mardulyn, 2001 ).
nuclear genes evolve more slowly and have a more even base composition (and thus a larger character state space) than do mitochondrial genes, they are generally better markers for inferring deeper or more ancient divergences among taxa (Lin and Danforth, 2003) . In addition, the base composition of bee mitochondrial genomes has the highest AT-bias among the more than 40 complete insect mitochondrial genomes sequenced to date (Cha et al., 2007) . The resulting limited character state space could easily result in spurious phylogenetic inference (Nardi et al., 2003; Simmons et al., 2004) . Therefore, extensive additional data from nuclear genes are needed to help refine results obtained from previous molecular studies, which often relied on mitochondrial sequences (Cameron, 1991 (Cameron, , 1993 Koulianos et al., 1999; Cameron and Mardulyn, 2001) , ribosomal sequences for which alignment can be a confounding factor (Sheppard and McPheron, 1991) , and/or only limited nuclear data (i.e., a single gene such as opsin; Mardulyn and Cameron, 1999; Ascher et al., 2001) . In this study, we construct a data matrix consisting of 12 nuclear protein-coding genes, four newly sequenced, a significant addition to molecular studies of the bee tribes considered here. Using the expanded data set, we set a goal of identifying more precisely the components of the molecular data that support the sister grouping of Bombini and Meliponini.
MATERIALS AND METHODS

Phylogenetic analysis of the combined 12-gene data set
Detailed information on taxon sampling, the 12 genes sequenced, and molecular protocols are provided in the supplementary methods and primer sequences are described in the supplementary tables and figure   166 A. Kawakita et al.
(http://www.apidologie.org/article/apido/olm/2008/ 01/m07101/m07101.html). We first analyzed the combined 12-gene data for all taxa to determine whether or not the results are compatible with the previous molecular hypothesis. Phylogenetic trees were estimated using parsimony, maximum likelihood, and Bayesian methods following the procedures detailed in the supplementary materials. We also conducted phylogenetic analyses using only the corbiculate ingroup sequences. As discussed previously , phylogenetic analysis of the corbiculate tribes using molecular data is often complicated by spurious non-monophyly of the corbiculate bees. Because the corbiculate bees are among the most well-established clades of bees, supported by a significant number of synapomorphies (RoigAlsina and Michener, 1993) , such results are likely artifacts due to systematic sources of error (but see Cameron and Mardulyn (2003) , who suggested that non-monophyly of corbiculate bees may be genuine). The crux of controversy over corbiculate bee phylogeny are incongruencies of tribal relationships between the molecular and nonmolecular data, regardless of where the outgroup is connected to the ingroup. Figure 1 illustrates the three theoretically possible topologies for a four-tribe phylogeny. Morphological, behavioral, and palaeontological data overwhelmingly support the first topology ( Fig. 1g) , whereas molecular data favor Bombini and Meliponini as sisters ( Fig. 1h ) regardless of root position. To explore the source of phylogenetic conflict underlying the ingroup phylogeny is our stated purpose here, while outgroup issues would more appropriately be treated separately. We therefore analyzed the combined ingroup sequences using parsimony, maximum likelihood, and Bayesian methods.
To statistically assess whether the molecular data are incongruent with traditional morphological hypothesis, we performed the likelihood-based Shimodaira-Hasegawa test (SH-test; Shimodaira and Hasegawa, 1999) using trees estimated with and without the outgroup. The alternative topologies for the tests were defined by constraining Meliponini and Apini as monophyletic and performing likelihood heuristic searches.
Analysis of individual gene partitions
To determine whether individual genes recover different tribal relationships, we also analyzed each gene using parsimony, likelihood, and Bayesian analyses. Only the ingroup sequences were used for the analyses. In addition, we compared nodal support values provided by each gene for the Bombini + Meliponini group, and tested whether the strength of support for this topology was correlated with the following six parameters: number of informative sites, base composition (proportion of A + T), consistency index (CI; excluding uninformative characters), relative substitution rate, shape parameter of the gamma distribution (α), and the proportion of invariable sites (PI). The following four support indices were used to assess the correlation between the above parameters and phylogenetic performance: parsimony and likelihood nonparametric bootstrap support, Bayesian posterior probability, and partitioned Bremer support (PBS; Bremer, 1994) . Because PBS is dependent on the amount of signal content of a given partition, we divided PBS by the minimum number of steps for that gene (Baker et al., 2001 ) to obtain a standardized comparative measure of relative contribution of each gene to the node of interest. Detailed methods for calculating the parameters and support indices are given in the supplementary materials.
Analysis by codon positions and amino acid sequences
To determine whether molecular characters with different evolutionary constraints vary in their contributions to the Bombini + Meliponini group, we partitioned the combined 12-gene data set by codon positions and analyzed each partition under parsimony, likelihood, and Bayesian methods. Most substitutions at the third codon position do not change the amino acid and thus are synonymous, whereas most changes at the first position and all changes at the second position are non-synonymous, thus potentially constrained by protein function. We also analyzed the combined data by translating nucleotide sequences into amino acids to assess the contribution of non-synonymous substitutions to overall phylogenetic resolution (but see Simmons (2000) for confounding effect of homoplasy inherent in the amino acid coding). Methods for the analysis of amino acid sequences are given in the supplementary materials.
Because the above analysis of codon positions resulted in contrasting patterns of support for the Bombini + Meliponini group, we tested whether this variation occurs from differences in the amount of phylogenetic signal contained in each partition by using the data decisiveness index (DD; Goloboff, 1991) . Data decisiveness can be calculated as:
where S* is the mean length of 10 000 random tree topologies, S is the length of the shortest tree, and M is the minimum number of steps possible for each data set. More decisive data sets (higher DD value) allow the investigator to more confidently choose some topologies over others. In addition, we calculated PBS for each codon position to obtain a comparative measure of phylogenetic contribution, by each partition, to the Bombini + Meliponini group.
Analysis of the effect of gene number on nodal support
We further explored the impact of character sampling on phylogenetic performance by analyzing the pattern of increase in nodal support as more genes were included in the data set. We created data sets consisting of one to 12 genes and calculated nonparametric bootstrap values with 1000 replications for the Bombini + Meliponini group. Twenty random gene combinations were produced for each data set size category, which were used to obtain the mean and standard deviation of support values (there are only 12 possible combinations for 1-gene and 11-gene data sets and one combination for 12-gene data). Due to computational intensity, support indices were calculated using only the parsimony criterion. Analyses were done using the data set with all positions included and those partitioned by codon positions.
RESULTS
Basic sequence statistics are provided in Supplementary Table I . Simultaneous analysis of the combined 12-gene data set produced a well-corroborated phylogeny (Fig. 2) . All methods of analysis were mutually congruent except for the parsimony analysis, which differed from the likelihood and Bayesian analyses in the relative branching order within Euglossini, which was only weakly supported by any of the methods. The corbiculate bees were recovered as monophyletic, and Euglossini + Apini and Bombini + Meliponini formed two pairs of strongly supported sister tribes. Analysis performed without the noncorbiculate outgroups also produced a wellresolved topology consistent with these tribal relationships (Fig. 3) . Constraining the two advanced eusocial tribes (Meliponini and Apini) as monophyletic resulted in a significant decrease in likelihood score both with and without the outgroups (SH-test, P < 0.001).
In contrast, analyses of individual gene partitions and excluding outgroups resulted in variable results (Fig. 4) , and all three theoretically possible tribal groupings (Figs. 1g-i) were recovered: two genes recovered (Euglossini + Bombini) + (Meliponini + Apini), three genes supported (Euglossini + Meliponini) + (Bombini + Apini), and the remaining seven genes favored (Euglossini + Apini) + (Bombini + Meliponini). However, statistical support for the tribal groupings by individual genes was generally very low, except for CAD, Nak, and Pol II, all of which supported the group Bombini + Meliponini (Fig. 4) .
We then analyzed whether support values provided by each partition to the Bombini + Meliponini group were correlated with any statistical properties of the data themselves ( Fig. 5 ; Supplementary Tab. II). Number of informative sites and relative evolutionary rates were positively correlated with all measures of nodal support (parsimony and likelihood bootstrap, Bayesian posterior probability, and standardized PBS values; Spermann's rank correlation test, P < 0.05). Proportion of A + T was also positively correlated with nodal support (P < 0.05), except for the likelihood bootstrap values (Fig. 5) . There was no correlation between other parameters and nodal support values provided for the Bombini + Meliponini group.
When each codon position was analyzed separately, strong support for the Bombini + Meliponini group was found only in the first and third codon positions (Tab. I). In contrast, the second codon position and also the amino acid sequences provided very weak support to this relationship. The lack of strong support in the second position data is not due solely to insufficient phylogenetic signal, because the data decisiveness index indicated that the second position data provide the most decisive data of the three codon positions (Tab. II). The second codon position had the highest proportion of A + T, and the third position had significantly heterogeneous base composition across taxa (Tab. II). Overall, the first codon position sites contributed most strongly per site to supporting the Bombini + Meliponini group, as judged by the standardized PBS values (Tab. II).
Support for the Bombini + Meliponini group provided by all-codon-position data steadily increased as more genes were added to the data set (Fig. 6 ). Similar trends were found for the first and third position data sets, although the third position data varied greatly in support they provided, especially with data sets consisting of fewer genes. In contrast, the data set containing only the second positions provided consistently weak support, and there was no obvious trend of increased support values (bootstrap analysis was not performed with data sets of one and two genes due to the limited number of informative sites).
DISCUSSION
Phylogenetic support for the Bombini + Meliponini group
Overall, the present phylogenetic analyses based on 12 nuclear protein-coding genes strongly corroborated the results of previous molecular studies that recovered Bombini and Meliponini as a putative monophyletic group (Figs. 2, 3) . Constraining Meliponini and Apini as monophyletic, consistent with the traditional view of corbiculate bee relationships, resulted in significant (P < 0.001) decrease in likelihood score, indicating that phylogenetic signals in the sequence data supporting the Bombini + Meliponini group are significantly stronger than those supporting the traditional morphological hypothesis. In contrast, phylogenetic analyses of individual gene partitions and excluding outgroups resulted in variable tree topologies, with all the three theoretically possible tribal relationships recovered (Fig. 4) . Nodal support values (Fig. 6) clearly indicate that robustness of the Bombini + Meliponini group steadily improves as more genes are sampled. This suggests that an expanded molecular data set would likely converge on the same result, as long as standard phylogenetic methods are employed for reconstructing the phylogeny, but such convergence does not entail that the phylogenetic result is correct (see below).
Our sampling of the 12 genes also allowed the examination of statistical properties in molecular data that are likely responsible for supporting for the Bombini + Meliponini group (Fig. 5) . The tests of correlation between various parameters and support values for the Bombini + Meliponini group indicated that the number of informative sites, relative substitution rate, and to a lesser extent AT-bias are associated with the strength of nodal support (Fig. 5) . The number of informative sites and substitution rate likely reflect the amount of phylogenetic information contained in each gene partition. Thus, these results suggest that nodal support becomes stronger as more information is present in the data, which is consistent with our finding that support values increased with gene number (Fig. 6) . Also, an AT-bias is known to correlate positively with base substitution rate in insect DNA (Lin and Danforth, 2003) , which further suggests that information content alone determines the likelihood of providing support for the Bombini + Meliponini group.
When the three codon positions were analyzed separately, only the first and third position data provided support for Bombini + Meliponini (Tab. I, Fig. 6 ). Lack of support by second position data is not due to absence of phylogenetic signal in the partition, as shown by strong decisiveness (Tab. II). In fact, the second position data were the most decisive of all codon positions (highest DD), yet provided very weak support to the tribal relationship (Tabs. I, II). This indicates that substitutions in the second position data contain signals for other nodes on the phylogeny (e.g., monophyly of each tribe) but do not contribute to robustness of the tribal relationship. The first and third codon positions contained more informative sites than the second position, which is likely one reason for their higher support values. Overall, the first codon position contributed roughly five times more signal than the third position, as judged from standardized PBS values. In turn, amino acid sequences did not provide meaningful support for the Bombini + Meliponini sister relationship. This indicates that the majority of phylogenetic signals supporting the observed tribal relationship come from synonymous substitutions at the first and third codon positions, at least with our data matrix of 12 genes. Although the vast majority (96%) of all possible first position substitutions are non-synonymous, this position yielded results much more consistent with the third position, rather than the second position for which all substitutions are non-synonymous. This further indicates that support for the Bombini + Meliponini relationship is largely contributed by synonymous substitutions. It thus remains to be determined whether non-synonymous substitutions also yield the same topology when even more characters are sampled for the analysis.
Resolving the corbiculate controversy
Overall, the results of our present analysis provide strong support for the previous molecular hypothesis and therefore fuel rather than resolve the existing controversy over the phylogenetic relationships of corbiculate tribes. Resolving the controversy would ultimately require identifying the source of error that has led either morphological or molecular data to mislead phylogenetic inference. There has been a long history of, and considerable debate that has been devoted to, morphological systematics of the corbiculate bees (Michener, 1944 (Michener, , 1974 (Michener, , 1990 (Michener, , 2000 Winston and Michener, 1977; Kimsey, 1984; Prentice, 1991; Roig-Alsina and Michener, 1993, Chavarría and Carpenter, 1994; Schultz et al., 1999; Ascher et al., 2001; Engel, 2001a, b; Cardinal and Packer, 2007) . Therefore, we do not discuss the robustness of morphological hypothesis here other than to note that no strong morphological character has been identified that might support Meliponini + Bombini. In turn, molecular phylogenetic analyses using large data sets have only recently become routine, and thus it is possible that the molecular results are mislead by undetected, or as yet unknown, systematic biases. The difficulty of inferring corbiculate phylogenetic relationships using molecular data stems from the fact that there have been repeated extinctions of ancient corbiculate lineages after the extant four tribes diverged from their common ancestors (Engel, 2001a, b) . This resulted in very long branches leading to the extant crown group within each tribe (the four long branches in Fig. 3 ), relative to short internal branches separating them. This juxtaposition of long branches connected by short internodes makes it difficult to distinguish true historical signals in the molecular data from those originated by secondary convergence. In an extreme example where internal branches have effectively zero length with respect to the characters sampled (i.e., the four tribes diverged almost simultaneously), two tribes could still be strongly recovered as a group if they share similar patterns of base substitution that occurred after they had split from the common ancestor. It is therefore important to determine if there is any significant heterogeneity in patterns of molecular evolution among tribes, which could easily lead to artifactual groupings irrespective of underlying true historical signals. Empirical examples of such biases include divergent evolutionary rate (Philippe et al., 2005) and heterogeneous base composition across taxa (Gruber et al., 2007) . Although no strong evidence for such biases is detected yet in the corbiculate bees (see Supplementary Tab. IV for comparison of base composition across taxa), future studies should rigorously investigate the possibility that heterogeneous patterns of molecular evolution may have misled the interpretation of their phylogenetic relationships (see also Ascher et al., 2001 ). In addition to exploration of systematic biases, studies that employ novel approaches may greatly facilitate our understandings of corbiculate relationships. With the honey bee genome now available, there is a flood of new information that can be exploited for studies of corbiculate bee phylogeny. Such novel approaches involving genome-level analyses would likely reveal characters less likely to be prone to simple artifacts and therefore particularly relevant for choosing between alternative phylogenetic hypotheses, thereby finally bring about a clear resolution to the long-lasting corbiculate controversy.
